Mössbauer spectroscopy a b s t r a c t Samples of ASTM A335 P91 steel submitted to continuous cooling at different rates were analyzed in the form of foils and powders by means of Mössbauer spectroscopy. The Continuous Cooling Transformation (CCT) diagram of steel ASTM A335 P91 displays two basic microstructural domains at low temperatures -ferritic and martensitic -whose limits depend on the austenite holding temperature, the precise chemical composition and the cooling conditions from the austenite mother phase. Under certain conditions, the martensitic transformation may not be completed, leading to a final microstructure with a non-negligible percentage of the austenite phase retained in a metastable state. This retained austenite could be detrimental for the mechanical properties of the steel.
Introduction
To increase the thermal efficiency and to reduce the environmental pollution from power generating plants (fossil fuel and nuclear systems), it is necessary to use increasingly as Grade 91 (T91 for tubing and P91 for piping) and their chemical composition design includes minor additions of niobium, vanadium and nitrogen. The high creep strength of P91 steels enables higher design stresses than those allowed by 2.25Cr-1Mo (P22) or X20 CrMoV 12 1 (12Cr-1Mo steel) up to 625 • C. Other properties of grade 91 steels are good oxidation resistance, resistance to hot hydrogen attack and adequate fracture toughness. In order to qualify as suitable materials, careful and precise manufacturing procedures are to be followed.
The main features of the Continuous Cooling Transformation (CCT) diagram of P91 steels have been already studied [1] . Depending on the austenitic grain size and the cooling rate, the final microstructure may be fully martensitic (if the cooling path only goes through the field outlined by M s and M f , which are the martensite start and finish temperatures, respectively [2] ), fully ferritic or a mixed martensitic-ferritic one. There is also ample evidence of the presence of retained austenite (RA), not reported in the CCT diagrams, in the microstructure of these steels under different experimental or processing conditions [3] [4] [5] [6] [7] . In particular, and depending on the tempering temperature, RA could promote the generation of non-tempered or inhomogenously tempered martensite in steel components or parts, producing a negative influence in the mechanical properties of the material during its service life [8] . Even a low fraction of film like, interlath RA could affect the mechanical performance of some high Cr steels if a low-temperature tempering or pre-tempering -such as the one used in manufacturing steam turbine rotors [9] -is expected. As a matter of fact, RA has been shown to be stable as an interlath film for tempering temperatures of up to ∼525 • C in standard P91 [4] and B-added 9-10%Cr [10, 11] steels; from that value on, austenite has been observed to decompose to a film-like M 23 C 6 carbide identified as responsible for tempering embrittlement [10, 11] . Hence the importance of assessing the RA content after continuous cooling cycles.
Mössbauer spectroscopy is a high sensitivity technique which provides information on Fe alloys not accessible by other characterization tools such as X-ray diffraction or metallographic analysis [12] . It is particularly useful to distinguish the matrix component phases (martensite, ferrite) from the parent austenite phase in steels, because the former are ferromagnetic while the latter is paramagnetic at room temperature (RT). Thus, they exhibit distinctively characteristic hyperfine patterns, a singlet and/or a doublet for austenite [13] and a sextet for the ferromagnetic phases. The very low detection threshold of the technique allows revealing RA even in very small amounts when XRD measurements fail to detect it [14] [15] [16] . However, special care should be taken when preparing samples. There are basically two ways to prepare the samples in order to get a suitable Mössbauer absorber, i.e. the one which enables to obtain a well-defined spectrum in the shortest time; that is as powder or as a thin foil (always taking into account the thin absorber approximation [17] ).
It has been reported that powdering in steels could promote martensitic transformation and, in case of a low fraction of RA, information about this phase could be lost. This effect was observed for example in a duplex steel UR45N, in which the difference in the relative abundance of the austenite between bulk (i.e., thin foils) and powder samples was about 25% on the average [18] . A similar transformation due to mechanical stresses was observed by Skrzypek et al. [19] in hard ball bearing steels.
There is previous literature related to the Mössbauer spectroscopy study of retained austenite in different alloys [20, 21] .
The aim of this work is then twofold; on one hand to show the importance of the Mössbauer absorber preparation to detect RA in low-carbon ferritic-martensitic ASTM A335 P91 steels and, on the other hand, to follow the trend of the RA phase fraction -and its estimated carbon content -as a function of the cooling rate in continuous cooling cycles applied to these steels.
This work is a sequel of a more detailed, previously conducted dilatometric, microscopic and structural analysis [22] .
Material and methods
The samples were obtained from an ASTM A335 P91 seamless steel pipe of 219 mm external diameter and 32 mm wall thickness, initially normalized at 1050 • C during 20 min and then tempered at 780 • C during 40 min. The chemical composition of the examined steel is shown in Table 1 . Prismatic 25 × 5 × 5 mm samples were machined following the axial direction of the pipe and exposed to continuous cooling cycles, with different cooling rates, in an Adamel DHT 60 dilatometer. After austenization at 1050 • C for 30 min, the samples were cooled at 100, 115, 150 and 200 • C/h in order to make sure that the final microstructure falls into the mixed ferritic-martensitic domain of the CCT diagram. The cooling rates were selected based on our previous studies where the critical velocity for ferrite formation had been bounded to a range between 100 and 60 • C/h and the critical velocity for martensite formation to a range between 200 and 150 • C/h.
With the aim of performing a thorough characterization, Mössbauer spectroscopy was complemented with Field Emission Gun Scanning Electron Microscopy (FEG-SEM) observations and X-ray Diffraction (XRD) analysis.
Micrographs were obtained with a scanning electron microscope Carl Zeiss NTS, SUPRA 40.
XRD measurements were done in a Panalytical Empyrean diffractometer, using the -2 Bragg-Brentano geometry, a flat graphite monochromator and Ni-filtered Cu-K␣ radiation. The diffracted radiation was collected between 35 • and 120 • (2) with an ultra-fast PixCel area detector. The step scan angle and step scan time were settled in 0.026 • and 939 s respectively. The spectra were processed by the Rietveld refinement method [23] using the software MAUD (Materials Analysis Using Diffraction) [24] . Mössbauer absorbers were prepared in two ways: as powders obtained with a diamond file and as foils mechanically thinned with SiC abrasive grinding papers to a final thickness of about 100 m; this task was carried out very carefully to avoid heating or any kind of transformation. Measurements were performed in transmission geometry with a 57 Co source in a Rh matrix. Spectra were collected at room temperature (RT), run at 10 mm/s and then fitted using the WinNormos least-squares program [25] .
The relative fractions of particular phases to the spectra were determined assuming the same recoilless fractions for all of them, even if it is known that there is a difference between the Debye temperatures of austenite and the matrix components (martensite and ferrite) of about 2%. The consequence of neglecting this difference is an overestimation of the RA content of only 0.1% [14, 15] .
Results

FEG-SEM observations
In Fig. 1a a FEG-SEM micrograph corresponding to the sample cooled at 200 • C/h shows a lath martensitic microstructure with carbides of different size and morphology. In Fig. 1b , for the sample cooled at 150 • C/h, also a lath martensitic microstructure is seen but small ferrite nodules begin to show up, although in scarce content. In the micrographs of samples cooled at 115 • C/h and 100 • C/h ( Fig. 1c and d) , two zones can be distinguished: a martensitic one with wider laths than those observed for the samples cooled at higher rates, and a ferritic one with numerous precipitates inside exhibiting different size and morphology. This analysis allows confirming the information given in the CCT diagram of this kind of steels; when the cooling rate decreases, the microstructure evolves from fully martensitic to a mixed ferritic-martensitic one. The micrographs clearly show this evolution displaying an increasing ferrite fraction in lowering the cooling rate.
XRD analysis
In the Rietveld analysis of the XRD patterns ( Fig. 2) , the diffraction peaks of the phases composing the matrix (martensite and ferrite) were completely overlapped. However, by using the supporting evidence from FEG-SEM observations and the fact that these phases display a significant difference as for peak breadths, they could be modeled and deconvoluted. On the other hand, the main peak of austenite detected in the samples cooled at 200 and 150 • C/h is wide and has low intensity, very likely because of the small size of the diffraction domains and/or as a consequence of microstress-microstrain effects in the samples. This fact inhibits from an accurate estimation of the RA content; any calculation could give an appreciable error.
3.3.
Mössbauer spectra analysis
Influence of the absorber preparation on the observed spectra
As already introduced, the two preparation ways for the absorbers were tested. In Fig. 3 and thin film absorbers can be seen. It is evident that in the powdered samples information about the RA presence is totally lost. In contrast, for the foil samples a paramagnetic contribution is clearly distinguished in the center of the spectra, even in the sample cooled at 100 • C/h in which no RA had been detected by XRD analysis.
Fitting details
Fitting of the spectra corresponding to the thin foils was made based on our previous work in a T91 steel submitted to a tempering process at 780 • C during different time intervals [26] . The matrix phases were modeled with five sextets; this number of subspectra was proposed in order to account for the influence of Cr in the hyperfine magnetic field, as the main substitutional atom. A sixth sextet was also added in all of the spectra coming from a small contribution at low fields denoting the presence of carbides of the cementite type.
In this way, a singlet and/or doublet pattern was used to account for the paramagnetic phase (RA) and six sextet patterns for the magnetically ordered phases (matrix: ferrite and/or martensite and precipitated carbides). Unfortunately, a distinction between ferrite and martensite is not possible by means of Mössbauer spectroscopy when analyzing lowcarbon content alloys [27] .
The subspectra for the matrix phases displayed isomer shifts (IS) and quadrupole shifts (2Q) near 0.0 mm/s in all cases, as expected from the fact that these values are zero for metallic iron (␣Fe) [28] . In the spectrum corresponding to the sample cooled at 200 • C/h the paramagnetic RA was also fitted to a singlet and a doublet but in the spectra of the samples cooled at 115 and 100 • C/h only a singlet was needed.
Calculation of RA phase fraction
Concerning the estimation of the amount of RA as a function of the continuous cooling rate, it is important to point out that the areas corresponding to each subspectrum in a Möss-bauer spectrum are proportional to the relative abundance of each Fe environment present in the sample. Thus, the RA fraction is obtained from the singlet and/or doublet area in each spectrum (Table 2) . Any contribution of precipitates other than cementite-type ones, which could add a minimal doublet subspectrum superimposed to those of RA, was dismissed. This fact taken into account, along with the small amount of RA in some of the samples and its instability during sample preparation, the estimated fraction of RA should be understood from a qualitative point of view, giving a tendency, but not as definitive quantitative information.
M s temperature
The dilatometric curves of all samples were analyzed in order to estimate the M s transformation temperature in two ways:
(1) by fitting the linear contraction of the austenite and evaluating the deviation from this behavior and (2) employing the offset method [33] , assuming a 2% of the total volume contraction for the steel. In Table 3 the calculated values are compared.
Discussion
Powdered vs. thin foil Mössbauer absorbers
At RT the martensitic phase is stable while the parent austenite phase is metastable. According to the previous literature, the plastic deformation induced by powdering of the sample would promote the transformation from austenite to martensite due to strain relaxation. In the foil sample instead the surrounding matrix would act as a barrier to inhibit strain relaxation [34, 35] . The results here obtained from powdered samples effectively show that the powdering process triggers the martensitic transformation and all the RA turns into martensite. Therefore, special care has to be taken while preparing powdered Mössbauer absorbers of some materials, because the phase composition or phase structure might change during powdering. In [18, 36] , for example, the authors compared the hyperfine parameters obtained from different steel samples prepared in the two ways (foil versus powder). In both of the works, the foil and the powder samples exhibited an amount of non-magnetic austenite phase. In our case, for the P91 steel submitted to different cooling rates, RA totally vanished in the powdered samples. These results let us conclude that for this kind of steels the right procedure to obtain the Mössbauer absorbers is as thin foils. Moreover, due to residual stresses at the surface layer of the samples during thin foil preparation the RA fraction at the surface diminishes [37] , so it is better to apply Mössbauer Spectroscopy in transmission mode to obtain information coming from the whole sample thickness.
4.2.
Estimation of the carbon content in RA for the samples cooled at 200 and 150
• C/h
First of all it is worth noting that interstitial C prefers octahedral sites in the austenite structure, independently from the total C content in the alloy [38] .
From the results here obtained by the Mössbauer spectra fitting corresponding to thin foil samples it is important to remind that Fe sites in austenite with no C near neighbors (nn) but with 0-4C atoms as next near neighbors (nnn) are usually represented by a paramagnetic singlet, whereas a quadrupole doublet represents Fe atoms in austenite having one C atom as nn on interstitial sites [13] . Due to coulombic repulsion [39] and size effects [40] of the C atoms, configurations representing Fe atoms with more than one C atom as nn are not expected. The fraction of Fe atoms with a C atom as nn can be described as f = 6y [40] , where y is the fraction of interstitial occupied sites. Furthermore, considering the Mössbauer spectra, the f fraction can also be calculated as the ratio of the doublet area to the whole austenite spectral area (singlet + doublet). Since in a fcc lattice there is one octahedral interstitial site per lattice point, in the case of the samples cooled at 150 and 200 • C/h -whose Mössbauer spectra reflect the presence of sites with one C atom as nn and 0-4C atoms as nnn, Table 2 -RA content estimated from the relative areas of the paramagnetic components in the Mössbauer spectra of the studied samples. i.e.,doublets ans singlets respectively -the C concentration in RA can be estimated, using the expression [13] :
wt% C (in austenite) = 12.01y 55.85 + 12.01y * 100
Having in mind that the studied steel has a substantial Cr content, a random distribution of this element has also been taken into account to perform an estimation of the wt.% C content in RA for the cited samples (Table 4) .
On the other hand, the C content of RA in samples cooled at the slower rates (115 and 100 • C/h) cannot be estimated by the same method. However, it is reasonably expected that RA will have a lower C concentration, taking into account that:
i. The nucleation and growth of a ferrite fraction during cooling will "scavenge" some C from the matrix, because C has a low solubility limit in ferrite and precipitates heavily from the early stages of ferrite nucleation. ii. Some more C will be removed from the matrix because of carbide precipitation in martensite due to autotempering. This process could be favored by the increase of the M s temperature that was effectively observed for these samples (see below).
The decreased global C content under slow cooling rate conditions is, of course, counterbalanced by the reduction of the RA volume fraction (see Table 2 ), even so indications of the decrease of the interstitial C content of non-transformed austenite have already been reported for isothermally treated 9%Cr steels [41] .
Thus, according to these assumptions, the presence of only a paramagnetic singlet or a singlet plus a doublet in the Möss-bauer spectrum could be associated to a RA phase having lower or higher C contents respectively. Direct measurements of the C content in RA by suitable techniques such as atom probe tomography or high resolution analytical transmission microscopy are needed to confirm this hypothesis.
M s behavior
From Table 3 it can be seen that for the samples cooled at slower rates (115 and 100 • C/h), in which the content of ferrite phase is higher, M s increases following the shape of the reported CCT diagram. This increase of the M s value is, of course, in line with the reduction of the matrix C content associated to the already mentioned carbide precipitation in ferrite.
More generally, the influence of alloying elements on the M s temperature can be obtained from empirically established equations [42] . The one that better accounts for our case is 
which gives an M s value of 384 • C for the steel composition here studied. This result agrees fairly well with the experimental obtained values (Table 3 ). Taking into account that Eq.
(1) has been obtained as an empirical expression from a lowcarbon steel database -and must be used cautiously for that reason -the high C content in RA estimated from Mössbauer calculations (∼1 wt.% for samples cooled at 150 and 200 • C/h), would bring an estimated M s temperature much lower than the experimentally found for the bulk of the matrix. This fact suggests that the high C content in these faster cooled samples plays a significant role in stabilizing the RA found at RT.
RA content and cooling rate: chemical vs. mechanical stability
As can be inferred from the results displayed in Table 2 , the RA content increases for increasing cooling rates. In Fig. 5 , results from Table 2 were plotted to appreciate them in more detail. The slope of the trend line is more pronounced for the slower cooling rates, up to 150 • C/h -cooling rate from which the microstructure tends to be completely martensitic -and from that value the increasing trend of the RA content becomes smoother.
The slight change of the slope in the RA content versus cooling rate plot shown in Fig. 5 could be interpreted as an indication that two types of effect play a role on the stability of RA in ASTM A335 P91 steels, namely, a chemical one referred to the C content in the RA and a mechanical one related to strains induced in the sample.
For the samples cooled at higher rates (200 and 150 • C/h) the analysis of the Mössbauer spectrum evidenced the presence of C as nnn and nn (singlet + doublet respectively), which allowed the estimation of a high C content in the RA. Thus, it can be said that the chemical effect would prevail over the mechanical one when RA is dispersed in a fully martensitic matrix (for the sample cooled at 200 • C/h) or a quasi-fully martensitic matrix (for the sample cooled at 150 • C/h). It is interesting to point out that the phenomenon of inverse stabilization -or destabilization -of austenite has been observed in P91 steel specimens isothermally treated for increasing times at temperatures above M s , before being transformed to martensite [7] . Destabilization was explained by the authors on the grounds of a purely chemical reasoning. Hence, according to that work, decreasing the time of permanence above M s (i.e., increasing the cooling rate in the anisothermal case) would imply austenite stabilization.
For cooling rates below 150 • C/h, the strain induced in austenite by the nucleation and growth of ferrite could promote a more significant role for a mechanical factor. This effect, caused by the nature and volume fractions of the phases constituting the matrix in which the austenite grains are dispersed [34, 35] , adds to the chemical one. Specifically, plastic apparent transformation strains associated to the austenite to ferrite transformation have been measured for low C and interstitial free steels; the apparent transformation strain increases as the transformation proceeds isothermally at 750 • C [44] . In the same way, the study of lattice parameters of ferrite and austenite by in situ neutron diffraction allowed to conclude that tensile and compressive strains are actually developed in austenite and ferrite respectively during the course of the austenite-ferrite anisothermal transformation in a 0.2C-2Mn martensitic steel [45] . Under the present experimental conditions, slower cooling rates, allowing more time for precipitation, leave less C available to stabilize austenite; i.e. the significance of the chemical effect in this cooling rate range would be reduced. Thus, the reduction in the chemical stabilizing effect of C content and the simultaneous occurrence of mechanical strains due to partial transformation to ferrite that destabilize the non-transformed austenite would produce a more pronounced drop in the amount of RA by cooling at rates decreasing from 150 • C/h.
Conclusions
• Mössbauer spectroscopy is a more sensitive and accurate technique than XRD to detect small amounts of RA in ASTM A335 P91 steels submitted to continuous cooling in the 200-100 • C cooling rate range. The paramagnetic signals are well defined allowing a separation of the inner lines of the magnetic subspectra.
• RA is mechanically unstable and transforms completely to martensite when powdering bulk samples; for this reason Mössbauer spectroscopy absorbers should be prepared as thin foils.
• Cooling at different rates will likely produce different C contents in RA. The high C content estimated in RA by Mossbauer spectroscopy in the samples cooled at 200 and 150 • C/h is responsible for the significant decrease in M s of the enriched austenite.
• A decrease in the RA volume fraction for decreasing cooling rate was observed. For the higher cooling rates, the stabilization of austenite could be attributed to the decrease of the permanence time above M s . For the lower cooling rates, the stability of RA could be not only a consequence of a C enrichment provoking a decrease in M s but it could also be related to austenite-ferrite transformation strain effects.
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